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Abstract
The upper 500 or 1000 m of the water column in the Okhotsk Sea was sampled for living planktic foraminifera.
The polar species Neogloboquadrina pachyderma (sinistral) strongly dominates the foraminiferal assemblage; the
subpolar to temperate species Globigerina bulloides accounts for 10^25%. Other species account for up to 3% only.
The shell N18O and N13C values of the species N. pachyderma (sin.) are compared to water N18O values and N13C values
of dissolved inorganic carbon (DIC). The strong gradient in N18O composition and temperature in the upper water
column is reflected in the N18O of N. pachyderma (sin.). Relative to the values expected for inorganic calcite
precipitated under equilibrium conditions N. pachyderma (sin.) displays a vital effect of about 1x in N18O. The N13C
composition of N. pachyderma (sin.) is about constant with water depth and the reflection of N13CDIC in the
foraminiferal shell seems to be masked by other effects. Most foraminifera are found above or slightly below the
thermocline and can be assumed to calcify in the upper 200 m of the water column. The gradient of N13CDIC extends
well below this depth, therefore the lack of correlation can partly be attributed to this fact. The remaining discrepancy
between N13C of N. pachyderma (sin.) and N13CDIC correlates with the carbonate ion concentration in the water
column. This leads to the conclusion that the ‘carbonate ion effect’ (CIE), which has been derived from culturing
experiments for other species [Spero et al. (1997) Nature 390, 497^500], is found here under natural conditions. When
the magnitude of the CIE derived for G. bulloides is applied to N. pachyderma (sin.), CIE-corrected N13C of
N. pachyderma (sin.) is a direct reflection of N13CDIC in the water column with a constant offset of 1.2x. @ 2002
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1. Introduction
Polar regions play a key role in the modes of
the climate system and therefore many paleocea-
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nographic studies are based on data of the polar
planktic foraminifera Neogloboquadrina pachyder-
ma (sinistral coiling). At high latitudes N. pachy-
derma (sin.) is the dominant species and in many
cases the only planktic foraminifera providing
long and continuous downcore isotope records
during glacial and interglacial times.
For detailed interpretation of foraminiferal
data in sediment records, information is necessary
about habitat, calci¢cation depth and stable iso-
tope fractionation of each investigated species. In
addition, our understanding of the meaning of
carbon isotopes in planktic foraminifera is gener-
ally poor. The understanding of N13C values of
planktic foraminifera from marine sediments is
an important issue because these records can be
linked to past changes in atmospheric CO2 con-
centrations (e.g. Keir, 1995).
Fig. 1. Geographical position of stations taken during LV28 in 1998, where plankton tow and water samples were investigated
(closed circles). Additional stations are indicated (open circles), where hydrographic data were used for interpolation to nearby
plankton stations. The arrows indicate a simpli¢ed surface circulation within the Okhotsk Sea, water exchange through the Kurile
Islands and water entering from the Japan Sea. The £ow of river water from the Amur River around the southern tip of Sakha-
lin is also indicated.
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Table 1
Isotope data of Neogloboquadrina pachyderma (sin.) of the size fraction 125^250 Wm (Npl 125^250 Wm) from plankton samples
Multinet data Water data
Station Depth Npl (125^250 Wm) (interval averages)
N18O N13C N13CDIC CO233
(m) (x) (x) (x) (Wmol/kg)
7 0^50 0.58 0.74
50^130 1.18 0.72
130^200 2.34 0.56
200^300 2.53 0.41
300^500 2.20 0.43
14 0^50 30.23 0.62 1.13 128
50^100 1.91 0.51 0.56 96
100^150 2.53 0.5 0.14 70
150^200 2.7 0.37 30.05 65
200^400 2.59 0.3 30.13 58
29 0^50 1.70 0.93
50^130 2.17 0.60
130^200 2.25 0.43
200^500 2.14 0.32
43 0^50 1.47 0.78 1.9 186
50^130 1.99 0.6 0.7 100
130^200 2.19 0.54 0.38 75
200^300 2.25 0.42 0.35 66
300^500 1.88 0.52 30.26 59
44 0^50 1.52 0.64 2.1 202
50^130 1.77 0.65 0.53 99
130^200 2.56 0.54 0.25 80
200^300 1.88 0.6 0.17 69
300^500 2.22 0.33 30.2 57
55 0^50 1.08 0.71
50^130 1.18 0.66
130^200 1.98 0.51
200^500 1.66 0.47
500^1000 1.67 0.48
61 0^50 1.55 0.67 1.5 147
50^130 2.17 0.62 0.5 81
130^200 2.06 0.31 0.3 63
200^500 1.99 0.4 30.3 49
500^1000 2.02 0.6 30.62 45
65 0^50 1.42 0.64
50^130 2.04 0.62
130^200 2.47 0.46
200^500 2.17 0.41
500^1000 2.01 0.66
66 0^50 0.78 0.67 1.5 147
50^130 1.72 0.61 0.6 81
130^200 1.97 0.34 0.3 63
200^500 1.67 0.43 30.2 49
500^1000 1.92 0.45 30.83 45
For the water average values of N13CDIC and CO323 concentrations were calculated corresponding to the sampling intervals of the
plankton nets. For station 14 CO323 concentrations were taken from stations 11 and 20, which are at approximately the same po-
sition. For stations 61 and 66 CO323 concentrations were taken from nearby station 64. For station location see Fig. 1.
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Table 2
Hydrographic data, N18O of the water, N13CDIC and calculated CO323 concentrations of stations taken during LV28
Station Depth Salinity Pot. temp. N18O N13CDIC CO233
(m) (‡C) (x SMOW) (x) (Wmol/kg)
7 50 32.698 1.185 1.04
151 33.222 0.312 0.14
251 33.399 0.892 30.15
300 33.445 0.688 30.23
339 33538 1.241 30.41
402 33.634 1.502 30.41
437 33.724 1.748 30.49
470 33.784 1.765 30.54
503 33.886 1.959 30.36
14 6 26.460 15.943 33.07 1.56
26 32.428 1.264 30.84 1.02
53 32.950 0.160 30.69 0.79
105 33.148 30.119 30.6 0.32
154 33.297 0.414 30.57 30.04
203 33.319 0.270 30.58 30.06
233 33.322 0.260 30.56 30.12
270 33.338 0.270 30.59 30.10
300 33.343 0.293 30.58 30.11
324 33.381 0.353 30.57 30.07
352 33.391 0.193 30.62 30.17
374 33.471 0.837 30.52 30.28
29 54 32.745 30.517 0.94
503 33.892 2.044 30.57
43 2 32.666 13.169 30.83 2.38 224
10 32.661 13.165 30.81 2.67 227
25 32.779 3.570 30.69 1.75 180
50 32.878 0.521 30.69 0.82 113
75 32.958 30.036 30.65 0.59 103
100 33.039 30.059 30.58 0.85 99
151 33.182 0.668 30.57 0.35 84
251 33.383 1.414 30.49 30.04 66
500 33.744 2.056 30.36 30.48 52
44 3 32.677 11.486 2.68 246
10 32.676 11.479 2.68 25
27 32.815 3.488 2.18 199
54 32.917 1.500 0.82 117
79 33.013 0.914 0.65 101
107 33.112 1.053 0.45 92
157 33.212 1.121 0.21 86
256 33.366 1.511 0.17 70
378 33.523 1.641 30.21 59
497 33.693 1.922 30.40 54
55 10 32.425 10.502 2.24
54 33.027 2.096 0.70
104 33.162 1.276 0.44
157 33.210 0.941 0.36
257 33.326 1.316 0.04
561 33.737 1.907 30.29
763 34.1012 2.435 30.61
1014 34.344 2.422 30.59
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Several factors can complicate the interpreta-
tion of planktic carbon isotope records. These
may be species-dependent ‘vital e¡ects’, depth-
habitat, or regional seawater N13C variations of
total CO2 due to gas exchange with the atmo-
sphere in combination with local productivity
and community respiration (e.g. Berger et al.,
1981; Labeyrie and Duplessy, 1985). Culturing
experiments have shown that the carbon isotopes
and to a smaller extent also the oxygen isotopes
of foraminifera are in£uenced by the carbonate
system of the seawater itself and that the isotope
composition of foraminifera is correlated to the
carbonate ion concentration (Spero et al., 1997).
In this study polar planktic foraminifera are
investigated in plankton tows together with de-
tailed hydrographic observations. In respect to
the foraminiferal assemblage and abundance
data the results have to be evaluated in the con-
text of seasonal and interannual variations and
supply a momentary picture of the conditions in
the Okhotsk Sea. On the other hand, the detailed
isotopic results of foraminifera together with
water data o¡er the chance to identify the pro-
cesses imprinted in the foraminifera and in the
sediment records later on.
Table 2 (Continued).
Station Depth Salinity Pot. temp. N18O N13CDIC CO233
(m) (‡C) (x SMOW) (x) (Wmol/kg)
61 11 32.279 13.047 30.88 2.27
50 32.925 0.714 30.64 0.70
101 33.159 0.447 30.6 0.47
254 33.399 0.943 30.53 30.07
375 33.556 1.171 30.48 30.29
504 33.786 1.814 30.37 30.67
751 34.141 2.247 30.22 30.62
1001 34.330 2.297 30.16
64 11 32.267 14.593 2.42 206
54 32.873 30.834 0.57 88
128 33.169 30.439 0.36 74
256 33.390 0.676 30.27 51
378 33.516 0.784 30.21 51
505 33.808 1.896 30.52 46
755 34.132 2.247 30.61 44
1002 34.341 2.380 30.58 47
65 11 32.345 15.240
49 32.919 0.902
64 32.954 30.480
77 33.075 0.487
99 33.314 2.375
123 33.192 0.417
139 33.159 30.354
160 33.248 0.557
503 33.744 1.920
749 34.077 2.194
1000 34.286 2.319
66 9 32.431 14.216 30.86 2.23
54 32.850 0.521 30.69 0.79
178 33.240 0.126 30.63 0.25
254 33.370 0.661 30.56 30.10
502 33.776 1.977 30.33 30.33
749 34.061 2.176 30.27 30.83
1000 34.287 2.277 30.19
Original pH and TA data are published in Biebow and Hu«tten (1999; their table A6.1, pp. A79^A83).
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2. Materials and methods
During the expedition of the RV Akademik
M.A. Lavrentyev in 1998 (LV28) plankton tows
and water samples were collected (Biebow and
Hu«tten, 1999; for station locations see Fig. 1).
Plankton tow samples were taken in vertical
tows with a mesh size of 55 Wm in the upper
1000 m or 500 m of the water column using a
multinet device (Fa. Hydrobios) and stored in
an ethanol^seawater solution at a ratio of 1:1.
The volume of water ¢ltered was determined
with a £ow meter located within the net opening.
The foraminifera were picked from quantitative
splits using a Folsom Splitter. Samples were
treated with Rose Bengal to distinguish living
and dead individuals, rinsed with tap water,
brie£y rinsed with deionized water and dried.
Faunal composition and faunal abundances were
identi¢ed using the species concept of Kennett
and Srinivasan (1983) and Hemleben et al.
(1989) and counts were conducted for the 125^
250-Wm and s 250-Wm size fractions. In some in-
stances the number of foraminifera was so high
that these samples were split with a dry sample
splitter prior to counting. The total number of
foraminifera counted per sample ranged between
27 and 2379 individuals. For samples with less
than 1000 individuals the entire sample was
counted. Individuals of Neogloboquadrina pachy-
derma (sin.) were visually classi¢ed for showing a
secondary calci¢cation layer and a Kummer-
kammer. For isotope analysis 10^22 living speci-
mens with a secondary calci¢cation layer were
picked and roasted in vacuum at 200‡C for 1 h.
Isotope measurements of carbonates were con-
ducted at the Leibniz Laboratory, Kiel, Germany,
on a Finnigan-MAT 251 mass spectrometer and
are calibrated to the PDB scale by means of the
NBS 20 carbonate isotope standard; measure-
ment precision is Q 0.08x and Q 0.05x for
N18O and N13C, respectively, and results are pre-
sented using the conventional N18O and N13C no-
tation (see Table 1).
Water samples were collected at the same sites
as the plankton tows during LV28 and analyzed
for oxygen isotopes at the Institute for Environ-
mental Physics in Heidelberg on a Finnigan-MAT
251 mass spectrometer. Results are calibrated to
SMOW using the conventional N18O notation and
the measurement precision is Q 0.03x. Water
samples for carbon isotope analysis were ¢lled
slowly into 100-ml ground glass bottles and 0.2
ml HgCl2 was added to stop biological activity.
Measurements of the N13C of the dissolved in-
organic carbon (DIC) (N13CDIC) were conducted
at the Leibniz Laboratory in Kiel using an auto-
mated Kiel DICI-II device for CO2 extraction and
measured on a Finnigan-MAT Delta E mass spec-
trometer (Erlenkeuser et al., 1999). Isotope results
are given in the usual N notation and calibration is
based on the NBS 20 carbonate isotope standard;
the measurement precision of the N13CDIC is
Q 0.04x.
The oxygen ‘equilibrium calcite value’ Nc, was
calculated for the water column from actual N18O
(Nw) and temperature (T) measurements (see Table
2) according to the paleotemperature equation of
O’Neil et al. (1969) as cited in Shackleton (1974):
T=16.9^4.38(Nc3Nw)+0.1 (Nc3Nw)2. This equation
was chosen because it covers a temperature range
down to 0‡C and because it is based on inorganic
calcite. The conversion factor between N18Ow
from the SMOW to the PDB scale is: Nw(PDB)=
0.9998cN18O(SMOW)30.2x (Bemis et al., 1998).
The pH and total alkalinity (TA) of the water
samples were measured on board during the ex-
pedition by direct potentiometry (Bates, 1973)
and direct titration (Ivanenkov and Lyakhin,
1978), respectively. The carbonate ion concentra-
tion CO323 can be calculated from these parame-
ters using the thermodynamic relations (Millero,
1995; see Table 2). Handling procedure and sam-
pling methods are described in detail in the expe-
dition report (Biebow and Hu«tten, 1999). Based
on the analysis of seawater replicates the analyt-
ical precision is Q 2.6 WM/kg (n=9) for TA and
Q 0.0044 (n=31) for pHSWS(25); these uncertain-
ties result in a CO323 concentration error of 4.1%
(Dickson and Goyet, 1991).
3. Hydrography of the Okhotsk Sea
The Okhotsk Sea is a marginal sea located in
the northwestern corner of the North Paci¢c. De-
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spite its relatively southerly location the Okhotsk
Sea is covered by sea-ice in winter due to its close
vicinity to the Siberian cold pole (Talley and Na-
gata, 1995). There is an in£ow of waters through
numerous straits between the Kurile Islands from
the North Paci¢c. The high salinity Soya warm
current enters the Okhotsk Sea from the Japan
Sea, southeast of Sakhalin Island (Talley and Na-
gata, 1995). The general circulation of the surface
waters is cyclonic (Alfultis and Martin, 1987; see
Fig. 1).
In summer an extremely thin and shallow ther-
mocline extends from the surface down to about
50 m water depth. This kind of surface layer is
characteristic for the Okhotsk Sea and surface
temperatures of about 14‡C are reached (see
Figs. 2 and 5a). Surface salinities are in the order
of 32.0^32.5 under the in£uence of river runo¡
from the Amur River and local precipitation.
The Amur River water £ows around the northern
tip of Sakhalin and is then carried southwards
with the East Sakhalin current (Freeland et al.,
1998; Talley and Nagata, 1995; see Fig. 1).
The cold subsurface layer at about 50^200 m
with temperatures close to the freezing point of
seawater (31.7‡C) and salinities between 33.0 and
33.2 is a remnant of the mixed winter layer (Ki-
tani, 1973; Freeland et al., 1998) (Fig. 2).
The intermediate layer is marked by tempera-
tures between 1.8 and 2.3‡C and salinities between
33.4 and 34.3 and located at about 800^1000 m
depth (Freeland et al., 1998; Wong et al., 1998)
(Fig. 2). The Okhotsk Sea intermediate water is
assumed to be an essential component of the
North Paci¢c intermediate water (e.g. Talley and
Nagata, 1995; Yasuda, 1997; Freeland et al.,
1998).
Near the surface N18O values are low due to the
in£uence of low N18O river water and local pre-
cipitation (see station 14 in Fig. 7a). There is a
strong gradient with depth over the upper 200^
500 m in N13C of the DIC (N13CDIC) (see Fig.
7b). High N13CDIC values near the ocean surface
are generally caused by high biological activity
but might be additionally in£uenced by air^
sea exchange (Lynch-Stieglitz et al., 1995). The
N13CDIC values and the PO4 concentrations in
the Okhotsk Sea (Fig. 3) correlate according to
the Red¢eld ratios (Fig. 3; N13C= 2.8^1.1UPO4 ;
Broecker and Maier-Reimer, 1992). Only at the
surface of the northern stations the values fall
o¡ this correlation due to direct in£ow of low
Fig. 2. Temperature versus Salinity for all stations in the
Okhotsk Sea. The surface salinity of station 14 is with 26.4
at a temperature of 15.9‡C out of range and not included in
the ¢gure. For station location see Fig. 1.
Fig. 3. N13CDIC versus PO4 for all stations sampled in the
Okhotsk Sea (station location see Fig. 1).
MARMIC 871 4-6-02
D. Bauch et al. /Marine Micropaleontology 45 (2002) 83^99 89
N13CDIC river water. The rather unusually deep
reaching extent of N13C enrichment in the upper
200^500 m is caused by rapid vertical transport,
which has carried this signal into deeper layers
below the photic zone.
4. Results
4.1. Foraminiferal assemblage and standing stock
The absolute concentration of foraminifera
Fig. 4. (a) Absolute concentration of planktic foraminifera of the size fraction s 125 Wm against latitude, the station numbers
are indicated. (b) Faunal composition showing the relative composition of Neogloboquadrina pachyderma (sin.), Globigerina bul-
loides and other species of the size fraction s 125 Wm; the station numbers are indicated on top.
Fig. 5. (a) Temperature (T) and salinity of each multinet station in the Okhotsk Sea. For station 7 no CTD data are available
and hydrographic data of a nearby station are shown (station 8 at 53.38‡N and 144.42‡E). (b) Distribution of standing stock (%)
versus depth for Neogloboquadrina pachyderma (sin.) at the same stations. The widths of the bars cover the depth range of each
sampling interval. Open squares represent the fraction of living individuals. Open dots denote the fraction of calci¢ed individuals
and the unmarked line the fraction of individuals with a Kummerkammer. Closed dots denote the calci¢cation weighing factors;
for further explanation see text. The station numbers are indicated in the lower right corner of each graph.
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over the upper 500 m of the water column (size
fraction s 125 Wm) shows lowest values with 20^
30 ind/m3 on the southern Sakhalin shelf and
slope, around 60 ind/m3 in the eastern Okhotsk
Sea and values between 100 and 1480 ind/m3 on
the northern Sakhalin shelf and slope (Fig. 4a).
Extremely high values are observed at stations
located in the direct vicinity of the Amur River
runo¡ £owing around the northern tip of Sakha-
lin (see Fig. 1).
Neogloboquadrina pachyderma (sin.) is strongly
dominating the faunal composition with overall
relative abundances between 75 and 100% (see
Fig. 4b). The rest of the assemblage consists of
Globigerina bulloides with 2^24% (Fig. 4b). Other
species, mainly Turborotalita quinqueloba and
N. pachyderma (dextral), account for 3^0.1% only.
The vertical distribution pattern of the domi-
nating species Neogloboquadrina pachyderma
(sin.) is expressed as the proportion in percent
of the standing stock at each site for the species.
The depth distribution of the standing stock of
N. pachyderma (sin.) shows maximum values
within the thermocline and the temperature mini-
mum zone (upper 100^150 m, see Fig. 5).
In general, the fraction of living individuals is
decreasing with depth (Fig. 5b). The fraction of
Neogloboquadrina pachyderma (sin.) with a Kum-
merkammer is increasing with depth, only at sta-
tion 65 a distinct maximum is found in the sam-
pling interval at 70^130 m depth. The fraction of
individuals showing a secondary calci¢cation
layer is generally high with values above 60%
and maximum values are observed in the sam-
pling interval between 50 and 200 m at intermedi-
ate depth.
The ‘calci¢cation weighing factors’ fCW repre-
sent the fraction of calcite formed at each depth
interval under the assumption that individuals
sampled alive precipitated their calcite in the sam-
ple interval they were caught (Bauch et al., 1997):
fCW (%) = [SS*L*CI*LI]/4[SS*L*CI*LI], where
L= length of sampling interval ; SS= standing
stock (concentration of foraminifera in interval/
sum of concentrations in all intervals) ; CI= pro-
portion of individuals with a secondary calcite
crust; LI = proportion of individuals sampled
alive.
The assumptions made for calculating fCW are
in con£ict with the general view that foraminifera
migrate with depth during their life circle (e.g.
Hemleben et al., 1989). But this approach has
been applied successfully before (Bauch et al.,
1997); therefore it is considered to be a reason-
able approximation to the real situation.
The depth distribution of the weighing factors
is similar to the distribution of the standing stock
values, with slightly higher values in the deeper
sampling intervals (Fig. 6). The average depth of
habitat (derived from the depth distribution of the
standing stock alone) varies between 50 and 150
m. The average depth of calci¢cation (derived
from the depth distribution of the weighing fac-
tors) varies between 50 and 200 m, with the ten-
dency to deeper depth at the southern stations
located near the southern Sakhalin shelf (Fig. 6).
Considering the degree of calci¢cation when cal-
culating the average calci¢cation depth mainly
causes the di¡erence seen in average habitat and
calci¢cation depth.
4.2. N18O and N13C Compositions
The N18O equilibrium calcite values show a
strong increase with depth (Fig. 7a). This gradient
is mainly determined by the strong surface tem-
perature gradient and in the vicinity of Amur Riv-
er water also by low N18O water itself (see station
14 in Fig. 7a). The N18O of Neogloboquadrina pa-
chyderma (sin.) shows also a strong increase with
Fig. 6. Average depth of habitat and average depth of calci¢-
cation for Neogloboquadrina pachyderma (sin.) against lati-
tude; the station numbers are indicated on top.
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depth, which is slightly dampened relative to the
gradient, seen in the N18O equilibrium calcite val-
ues (Fig. 7a).
The N13CDIC composition shows a strong de-
crease with depth. The N13C values of Neoglobo-
quadrina pachyderma (sin.) show little variation
with depth and are constant within Q 0.14x
(standard deviation) (Fig. 7b). This variation is
an order of magnitude above the measurement
precision, but an order of magnitude below the
variation in N13CDIC values.
5. Discussion
5.1. Habitat depth
The planktic foraminifer Neogloboquadrina pa-
chyderma (sin.) is generally believed to be a spe-
cies dwelling deeper in the water column and
more speci¢cally at the bottom of the thermocline
(e.g. Kohfeld et al., 1996; Simstich, 1999). In the
Okhotsk Sea maximal abundances of N. pachy-
derma (sin.) are found within the upper 50^130
m water depth and therefore at some stations
within the thermocline and at other stations with-
in the temperature minimum zone. Therefore the
concept of a generally deep dwelling species does
not seem to hold true in this hydrological regime.
But because the thermocline in the Okhotsk Sea is
extremely steep and shallow the concept of
N. pachyderma (sin.) to live at the bottom of the
thermocline might nevertheless be valid, but can-
not be further detected within the relatively coarse
sampling intervals.
5.2. Comparison of isotope values with water
results
Weighing factors can be calculated in order to
Fig. 7. (a) N18O of Neogloboquadrina pachyderma (sin.) and
equilibrium calcite values versus depth for each station. (b)
N13C of N. pachyderma (sin.) and N13CDIC versus depth for
the same stations. The station numbers are indicated in the
lower right corner of each graph. For station location see
Fig. 1.
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estimate how the foraminiferal isotope distribu-
tion is found later on in the sediments (Bauch et
al., 1997). But we can also use the calculated aver-
age depth of calci¢cation as an indicator in which
depth of the water column we expect Neoglobo-
quadrina pachyderma (sin.) to incorporate the sig-
nal of the ambient water. The average depth of
calci¢cation varies between 50 and 200 m, and we
interpret this as the medium depth in which the
foraminifera are still incorporating the signal of
the water column. We also conclude that below
the depth of about 200 m no further calcite ad-
dition occurs for N. pachyderma (sin.) in the
Okhotsk Sea.
5.3. N18O values
Neogloboquadrina pachyderma (sin.) re£ects the
gradient seen in the N18O equilibrium calcite val-
ues (Fig. 7a). In the uppermost interval N18O val-
ues of N. pachyderma (sin.) are systematically too
high compared to N18O equilibrium calcite values.
This can be attributed to the fact that sampling
intervals are relatively wide compared to the gra-
dient in the water column, which extends over two
sampling intervals only. Also a certain degree of
migration of foraminifera between depth levels in
the water column can be assumed (e.g. Hemleben
et al., 1989), which would lead to smoothening
and dampening of the signals. Below the surface
gradient, N18O values of N. pachyderma (sin.) are
generally lower than N18O equilibrium calcite val-
ues by about 1x. This is in accordance with
previous observations in polar regions (Kohfeld
et al., 1996; Bauch et al., 1997; Simstich, 1999;
Volkmann and Mensch, 2001) and supports the
assumption that N. pachyderma (sin.) incorpo-
rates its N18O signal within each sampling interval
with a vital e¡ect of 1x relative to inorganic
calcite precipitated under equilibrium conditions.
Below 200 m the N18O of the foraminifera (as well
as the water N18O) is constant and agrees with the
concept that no further calcite is added below this
depth.
5.4. N13C values
While N13CDIC values show a strong decrease
with depth, the N13C values of Neogloboquadrina
pachyderma (sin.) show almost no variation (Fig.
7b).
It had been estimated before that carbon iso-
topes of Neogloboquadrina pachyderma (sin.) are
in the same order (Kohfeld et al., 1996) or even
about 1x lighter than N13CDIC values (Bauch et
al., 2000) and therefore strongly deviate from iso-
topic equilibrium values of inorganic calcite. Be-
cause N. pachyderma (sin.) has its main habitat
within the thermocline and the temperature mini-
mum zone, it cannot be expected that the full
range of N13CDIC variation, which reaches at
some stations down to 500 m depth, will be re-
£ected in N13C of N. pachyderma (sin.). But based
on the calculated average depth of calci¢cation
and the variations seen in N18O of N. pachyderma
(sin.) a re£ection of the signal of the upper 200 m
is expected. So why does N. pachyderma (sin.)
shell N13C not re£ect N13CDIC in the water column,
when it has been demonstrated by experiments
that foraminiferal shell calcite does respond to
changes in N13CDIC (Spero et al., 1997)?
5.5. Carbonate ion e¡ect (CIE)
In culturing experiments made with symbionts
bearing foraminifera Orbulina universa and non-
symbiont bearing Globigerina bulloides a depen-
dence of N13C values on the carbonate chemistry
of seawater was observed (Spero et al., 1997). For
every increase of 100 Wmol/kg in CO323 concentra-
tion of the surrounding seawater specimens of
O. universa and G. bulloides displayed a decrease
Fig. 8. N13C of Neogloboquadrina pachyderma (sin.) (black squares) and CO323 concentration (black dots) versus depth for each
station. On the right hand side the N13CDIC versus depth is shown as open squares. The N13C of N. pachyderma (sin.) with a CIE
correction to a CO323 concentration of 0 Wmol/kg using the slope derived for Orbulina universa and Globigerina bulloides is shown
in open and closed circles, respectively. The station numbers are indicated in the lower right corner of each graph. For station lo-
cation see Fig. 1 and for further explanation see text.
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in N13C of 0.6x and 1.3x, respectively. This is
the so-called CIE, and model results indicate that
this e¡ect is inherent to all foraminifera and only
the magnitude is species speci¢c (Zeebe et al.,
1999). The CIE has also been inferred from ¢eld
sample data, but has been quite di⁄cult to di-
rectly observe under natural conditions (Russell
and Spero, 2000; Itou et al., 2001).
The CO323 concentration in the upper 500 m of
the water column in the Okhotsk Sea shows a
strong gradient with values between 250 and 50
Wmol/kg (see Fig. 8). Adopting the magnitude of
the CIE obtained for Orbulina universa and Glo-
bigerina bulloides the N13C values of Neogloboqua-
drina pachyderma (sin.) can be corrected or nor-
malized to a virtually constant CO323 concentra-
tion (Fig. 8). The absolute values of this correc-
tion are the result of the arbitrary correction to a
CO323 concentration of 0 Wmol/kg. The shape of
the CIE-corrected N13C values of N. pachyderma
(sin.) using the CIE derived for G. bulloides
matches the shape of the N13CDIC observed in
the water column (Fig. 8). And the di¡erence of
N13C values of the DIC and N. pachyderma (sin.)
corrected by the CIE (derived for G. bulloides) is
constant with depth and carbonate ion concentra-
tion for samples obtained shallower than 200 m
water depth (Fig. 9, top). Based on this observa-
tion we argue that the CIE as derived for G. bul-
loides also applies for N. pachyderma (sin.).
The N13C values of the DIC and Neogloboqua-
drina pachyderma (sin.) are linearly correlated for
samples taken above 200 m water depth (Fig. 9,
bottom). While uncorrected N13C values of N. pa-
chyderma (sin.) are nearly constant with varying
N13CDIC, CIE-corrected N13C values of N. pachy-
derma (sin.) respond to N13CDIC variation as ex-
pected from laboratory experiments (Spero, 1992).
The N13C values of N. pachyderma (sin.), corrected
with the CIE of Globigerina bulloides, are corre-
lated to the N13CDIC on a 1:1 slope (r2 = 0.95) with
a constant o¡set of about 1.2x (Fig. 9, bottom).
The calcite^bicarbonate enrichment factor of
about 1.0 Q 0.2x (Romanek et al., 1992), derived
at fairly low CO323 concentrations (estimated to
10^50 Wmol/kg), corresponds well with the ob-
served o¡set in N13C between DIC and CIE-cor-
rected values of N. pachyderma (sin.).
Fig. 9. (Top) vN13CNplDIC versus CO323 concentration for
samples above 200 m water depth. vN13CNplDIC are calcu-
lated from the di¡erence of N13C of Neogloboquadrina pachy-
derma (sin.) and DIC. Black squares show uncorrected data
of N. pachyderma (sin.). Open and closed circles show data
of N. pachyderma (sin.) corrected for the CIE with the slope
derived for Orbulina universa and Globigerina bulloides, re-
spectively. (Bottom) N13C of N. pachyderma (sin.) versus
N13CDIC for samples taken above 200 m water depth. The
black squares show uncorrected data of N. pachyderma (sin.)
and open and closed circles show data of N. pachyderma
(sin.) corrected for the CIE with the slope derived for O. uni-
versa and G. bulloides, respectively.
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When interpreting N13C values of Neogloboqua-
drina pachyderma (sin.) from sediment records the
CIE has to be corrected for. If other factors (e.g.
Kohfeld, 1998; Bemis et al., 2000) are small, esti-
mates of N13CDIC can be derived by applying a
constant o¡set of 1.2x to the CIE-corrected val-
ues of N. pachyderma (sin.). This is true under the
assumption that the slope of 1.3x decrease in
N13C for every increase in 100 Wmol/kg in CO323
concentration derived in culturing experiments for
Globigerina bulloides is indeed also correct for
N. pachyderma (sin.), which is well consistent
with our data.
Our ability to resolve the CIE in the Okhotsk
Sea so clearly is possible because the strong gra-
dient in N13CDIC and CO323 concentrations extends
to an unusually deep water depth and the gradient
could be resolved within the chosen intervals of
the plankton nets. Since N13CDIC and PO4 are
correlated as expected from the Red¢eld ratios
(Broecker and Maier-Reimer, 1992; see Fig. 3) it
can be assumed that a high N13CDIC signal caused
by biological consumption of the nutrients was
transported from the surface to deeper layers.
This is in accordance with the concept of Okhotsk
Sea intermediate water formation (e.g. Talley and
Nagata, 1995; Freeland et al., 1998). In other
areas of the world ocean similar ranges of
N13CDIC and CO323 concentrations can be expected
(Kroopnick, 1974, 1985; GEOSECS, 1987) but
the e¡ect of this gradient might not be detectable
in the foraminifera if relatively broad sampling
intervals of plankton nets are used.
The experiments of Spero et al. (1997) demon-
strated that the CIE is also present to a smaller
extent in the N18O values, with a decrease of
0.45x in N18O of Globigerina bulloides for every
increase of 100 Wmol/kg in CO323 concentration.
This study is not able to derive an estimate of
N18O changes of Neogloboquadrina pachyderma
(sin.) in dependence of the CO323 concentration,
because the resolution of the sampling intervals is
too small within the gradient of N18O in the water
column.
6. Summary and conclusions
In the Okhotsk Sea the planktic foraminiferal
assemblage mainly consists of two species: the
polar planktic foraminifera Neogloboquadrina pa-
chyderma (sin.) and, much less abundant, the sub-
polar to temperate species Globigerina bulloides.
Concentrations of N. pachyderma (sin.) in the
upper 500 m of the water column vary between
20 and 60 ind/m3 whereas much higher values are
observed in the direct vicinity of the Amur River.
Maximum abundances of N. pachyderma (sin.)
are found within the thermocline and the temper-
ature minimum zone of the water column. The
calculated average calci¢cation depth varies be-
tween 50 and 200 m water depth.
The strong gradient observed in the N18O equi-
librium calcite values within the upper 50^100 m
of the water column is also re£ected in N18O val-
ues of Neogloboquadrina pachyderma (sin.). A vi-
tal e¡ect of about 1x is observed. Below about
200 m depth N. pachyderma (sin.) does not seem
to add further calcite.
The gradient in N13CDIC over the upper 500 m
of the water column is not directly seen in the
N13C of Neogloboquadrina pachyderma (sin.). The
N13C of N. pachyderma (sin.) seems to be in£u-
enced by the CIE and the N13C of this species
varies in dependence of the CO323 concentration
of the surrounding water. When applying a cor-
rection of 31.3x in N13C per every 100 Wmol/kg
increase in CO323 concentration as derived for
Globigerina bulloides, the gradient in N13CDIC
within the water column can be reconstructed
from N13C of N. pachyderma (sin.). We therefore
assume that the slope derived for G. bulloides is
also correct for N. pachyderma (sin.).
Because of the linkage between ocean carbon-
ate chemistry and atmospheric CO2, general
changes in the carbonate chemistry are expected
between glacial and interglacial times (e.g. Sanyal
et al., 1995). Our data suggest that estimates of
N13CDIC can be derived by applying a constant
o¡set to CIE-corrected N13C values of Neoglobo-
quadrina pachyderma (sin.) from sediment records.
When the N13C is CIE-corrected to a CO323 con-
centration of 0 Wmol/kg this constant o¡set is
1.2x for N. pachyderma (sin.).
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From the sampling resolution of this study it is
not possible to derive an estimate of N18O changes
of Neogloboquadrina pachyderma (sin.) in depen-
dence of the CO323 concentration. Assuming that
the e¡ect on N18O seen in Globigerina bulloides is
of the same order for N. pachyderma (sin.) makes
it a necessity to also consider and to further in-
vestigate this e¡ect, when interpreting glacial^in-
terglacial N18O values of N. pachyderma (sin.).
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